Abstract. Breit-Pauli results for energy levels, lifetimes, and some transition data are reported for all levels of the 2s 2 , 2s2p, 2p 2 , 2s3s, 2s3p, and 2s3d configurations of the Be-like spectrum for 4 Z 12. A simultaneous optimization scheme was applied so that a radial basis could be determined for a set of terms that mix in the Breit-Pauli approximation. Convergence of the LS line strength is used as a factor in estimating accuracy as well as the agreement of energy levels and their splitting between theory and experiment. The results are evaluated by comparison with other theoretical results and experiment for transition rates.
Introduction
Atomic spectroscopic data are essential to many astrophysical studies. Seaton [1] , in describing atomic data needed for the calculation of radiative accelerations and diffusion in Mn and HgMn stars, mentioned a need for some 5 × 10 6 f -values. The Opacity Project [2] was undertaken to produce these huge amounts of data in the LS approximation using close-coupling theory and the R-matrix method. But even in light atoms, the mixing of terms can be important as in the 2p3p 3 P o J -2p3d 3 P o J transitions which are the primary decays of the Bowen fluorescence mechanism in O III [3] . At the same time, intercombination transitions are of great interest in the study of astrophysical plasmas where they may play an important diagnostic role. The transition rates of such transitions originate entirely from the mixing of terms through spinorbit and other relativistic effects.
In the last decade, tremendous progress has been realized in variational methods for ab initio calculation of atomic properties [4] , including also transition rates [5] . Relativistic effects can be included either in a full multiconfiguration Dirac-Fock (MCDF) calculation or through a non-relativistic multiconfiguration Hartree-Fock (MCHF) calculation followed by a configuration interaction calculation using the Breit-Pauli (BP) Hamiltonian. In the former, relativistic effects are incorporated fully into the theory but, because of the resulting complexity, the inclusion of correlation is often limited, particularly in complex systems. The opposite is true of the MCHF + BP approach: more correlation can be included but the relativistic effects are treated only to lowest order. These two approaches have been compared extensively for the 2s 2 1 S 0 -2s2p 3 P o 1 transition in C III [6, 7] and with the most accurate experimental Avalue [8] . Though both theories are in excellent agreement with experiment, MCHF + BP was computationally much simpler and observed data could be used to improve the mixing of terms.
Recently, BP energies and transition rates were reported for the 2s, 2p, 3s, 3p, 3d, and 3s 2 L terms of the Li-like sequence, 3 Z 8 [9] . For neutral Li, the uncertainty in the transition rates was less than the error of the most accurate experiment. No term mixing was included. In this paper we extend the BP 'spectrum' calculations, where all transitions between levels of a portion of the energy spectrum are computed, to the Be-like states. In anticipation of more complex cases, like in the F-like sequence where the mixing may include as many as six terms, a method of simultaneous optimization was developed and is evaluated here for these simpler, four-electron systems.
Computational procedures
The non-relativistic MCHF approach is used for calculating the wavefunction of the state labelled γ LS
where γ represents the dominant configuration, and any additional quantum numbers required for uniquely specifying the state are considered. The MCHF wavefunction is expanded in terms of configuration state functions (CSFs) { } having the same LS symmetry but arising from different electronic configurations (γ j ). The CSFs are built from a basis of one-electron spin-orbital functions φ nlm l m s = 
The MCHF procedure [10] consists of optimizing to self-consistency both the sets of radial functions {P n j l j (r)} and mixing coefficients {c j }. Thus the CSFs included in the expansion determine the radial functions.
In large-scale methods, systematic calculations are performed of increasing size that allow the monitoring of properties under investigation. In such systematic methods, active sets (ASs) of orbitals are used to determine the expansion. These are characterized by the largest principal quantum number. Thus the n = 3 AS consists of all the orbitals {1s, 2s, 2p, 3s, 3p, 3d}, though it should be remembered that for correlation orbitals (orbitals not occupied in the Hartree-Fock approximation), the principal quantum number is not important spectroscopically, but serves as a simple index for the orbital of a given symmetry.
Given an active orbital set, rules are used to generate the CSF expansion. In neutral Be, term mixing is negligible but, at the same time, correlation in the core (which modifies the potential for the outer electrons) is more important. For this reason, the rules for generating expansions for states in Be were different from those of the ions.
The rules for obtaining expansions are often expressed in terms of a number of excitations-singles (S), doubles (D), etc. However, in order to allow for the near-degeneracy of the 2s and 2p orbitals at higher Z, it is convenient to express the rule in terms of the set of possible principal quantum numbers. To curb the rate of growth of the expansions with the orbital set size, it may be convenient to define the CSFs set as the union of sets. In this paper, the sets used were the following:
In other words, in the first set for the atom, the first electron has a principal quantum number of n = 1 or n = 2; the second has a principal quantum number in the range n = 1, 2, 3, and the last two electrons are unrestricted, but with n 5. Notice that this rule allows double excitations from 1s 2 and hence includes core correlation. The CSFs with one 1s orbital represent core polarization, and those with 1s 2 are part of valence correlation. For the ions, core correlation was neglected so that the computational size could be constrained. In all cases for n 4, the 1s orbital was fixed being obtained from an expansion over the set 1s 2 {2, 3} 2 and all orbitals were varied. Also, all expansions were restricted to l 6 or i-orbitals.
Once a set of radial orbitals has been obtained, the relativistic corrections can be taken into account within the BP approximation by diagonalizing the BP Hamiltonian [10] to get the intermediate coupling wavefunctions
Thus the expansion is now the sum of expansions over a set of terms. For all expansions, the iterative Davidson method [11] was used to determine a few of the lowest eigenvalues and eigenvectors [12] . All the results in this paper, unless specifically stated as being LS results, are based on the diagonalization of the BP Hamiltonian in which the orbit-orbit term has been omitted. This operator does not contribute to the mixing of terms, and behaves like a small correlation correction. Experiments in Li-like spectra [9] have shown that inclusion of orbit-orbit can double the computation times for generating the BP interaction matrix, yet have negligible effect at the present level of accuracy. For this reason, it has been omitted, as is common practice. In the rest of the paper, we will refer to our results as MCHF results, and only use MCHF + BP for emphasis, when needed.
The weighted oscillator strengths gf are calculated using the length and velocity formalisms
to monitor the expected convergence between the two forms with the improvement of the wavefunction i of the lower state and k of the upper state, and of the corresponding transition energy E ik . In these equations, g i is the degeneracy factor, i.e. g i = (2L i + 1)(2S i + 1) for LS-coupled wavefunctions and g i = (2J i +1) for BP wavefunctions. In the BP approximation, the above length form is correct to O(α 2 ) (except for the omission of orbit-orbit) while the velocity form requires a relativistic correction to the gradient operator [13] . For this reason, it is customary to report both length and velocity results for an LS calculation, but only the length form in the BP calculation.
No orthonormality constraints are imposed between the two sets of radial functions spanning the two total wavefunctions i and k , allowing a separate MCHF optimization of the two states involved. The details of the bi-orthonormal transformation algorithm used for dealing with the resulting non-orthogonality problems can be found elsewhere [14] .
Optimization strategies
The usual MCHF variational optimization method for a given term, produces term-dependent orbitals. The BP code, however, requires that the orbitals for each term be the same. When only two terms are mixed, the (n, n + 1) scheme [10] works well where orbitals are optimized systematically for a primary term and then an extra 'layer' of orbitals is optimized on the secondary term. When many terms are present, this scheme becomes unmanageable if extended to an (n, n + 1, . . . , n + m − 1) procedure for the mixing of m terms. Simplifying assumptions could be made using a cross-optimization scheme [15] , but these tend to be somewhat arbitrary. The MCHF optimization is based on an energy functional for a given LS term. In this work, we have extended the code to simultaneous optimization of a weighted average of energy functionals of one or more terms, where the weights can be user defined. At the same time, it is also possible to optimize on one or more eigenvalues of a given term, again with user defined weights, though the weights for all the eigenvalues of a specific term were assumed to be the same. Suppose E(T i ) represents an energy functional for term T and eigenvalue i, assuming orbitals and also wavefunctions are normalized. Then optimization was performed on the functional
where w T i is the weight for T i .
The different states of the Be-like ions were grouped together and a radial basis determined for a set of terms and/or eigenvalues that were deemed to be important for the relativistic effects, as shown in 3 D, and the lowest from 3 P. A question arises as to how the 1s orbitals are to be determined. Since the mixing of 2p 2 3 P 0 with 2s 2 1 S 0 is rather small, even for our highest Z, it was found that a better spectrum was obtained if the 1s orbital was obtained from an n = 3 expansion over 1 S only. In all other cases, the 1s orbital was determined from simultaneous optimization at the n = 3 level of all the terms as indicated in table 1. After that, for expansions with n 5, all orbitals except 1s were varied; for n = 6, all but 1s, 2s, 2p were varied and, in the case of 2s3p and 2s3d, all but 1s, 2s, 2p, 3s, 3p, 3d. For n = 7 and n = 8, the last 20 orbitals were varied except for the n = 7 calculations for 2s3p and 2s3d where the number was 18. For n = 9, 10, only the new orbitals were varied, all others being kept fixed.
The neutral atom was treated somewhat differently. As already mentioned, core correlation is more important here and was included in the model. At the same time, the only term mixing included in the calculations was the singlet-triplet mixing of 2s2p and 2s3p.
Evaluation of the simultaneous optimization process
In a non-relativistic, independent optimization process, convergence of the transition energy and the agreement of the length and velocity forms of the line strength can be used as indicators of accuracy. The transition energies themselves may differ from observed transition energies because of omitted correlation and relativistic effects. In table 2, the non-relativistic transition energies and line strengths (length and velocity form) for simultaneous and independent optimization are compared for transitions in B II. This table shows that, for expansions up to n = 10, the orbital bases from the two methods yield results which generally differ by less 3 S where trends show the velocity form to be the more stable and so the differences from the two models are somewhat larger, but still less than 0.4%. Others are the two transitions, 2s2p
1 P o -2s3s 1 S and 2p 2 3 P-2s3p 3 P o , where the line strength is exceedingly small. Except when the line strength is small, the difference in length and velocity forms themselves are generally less than 1%, though there is variation.
For the neutral atom, or ions with low degrees of ionization, term dependence can be expected to be larger. Intuitively, independent optimization should produce accurate transition data with a smaller basis. This is shown in figure 1 for 2s2p 3 P o -2p 2 3 P and 2s2p 3 P o -2s3d 3 D transitions in B II. Here it is seen that independent optimization (lighter lines) converges faster, has the smoother convergence trend, particularly at low n, and that for these two transitions the two optimization schemes converge to about the same length or velocity line strength at n = 10. For the former transition, because of the large scale, length and velocity appear not to -- 3 D state and independent optimization converges rapidly. When optimizing simultaneously, the 3 D state can be expected to have a different convergence pattern since the orbitals now also need to represent the 2s3d 1 D state. It is interesting to note that the velocity form for the two optimization schemes converges more rapidly than the length form. This probably is related to the emphasis on the inner region for the velocity form: independent and simultaneous optimization can be expected to differ more in the outer regions. For many transitions, like 2s2p 3 P o -2p 2 3 P, the LS trends have converged already at n = 8, but for others such as 2s2p 3 P o -2s3d 3 D or 2s2p 1 P o -2s3s 1 S o , where the line strength is extremely small due to cancellation (see table 2) the larger basis was needed.
Breit-Pauli results
The orbital basis from simultaneous optimization may be used to determine J -dependent energy levels and transition rates. In table 3 we report the lifetimes of all the levels of the configurations considered in this work. These are based primarily on the allowed E1 transitions between the different states but the M2 transitions, 2s 2 1 S 0 -2s2p 3 P o 2 , were also computed as well as the E2 and M1 transitions, 2s2p
, which contribute to the lifetime of the latter. In other cases, the contributions from these forbidden transitions to the lifetime are negligible but calculations were also performed for 2s2p 3 
A complete set of transition data (transition energies, line strength, oscillator strengths, transition rates) is available at http://www.vuse.vanderbilt.edu/∼cff/mchf collection. This site also reports LS convergence trends, including the length and velocity forms of the line strength, which we will show in the next section can be used in the estimation of accuracy. All other reported data are based on BP line strengths in the length form. For each atom or ion, an ASCII file may be viewed or downloaded that contains all the information about the transitions in floating point form, suitable for processing.
Accuracy of Breit-Pauli energies
The accuracy of computed oscillator strengths and transition rates depends not only on the line strength but also on the transition energies. The latter can often be measured more accurately than computed, and computed transition data can be improved through scaling so that, in effect, the observed transition energy is used. However, for the production of large amounts of data this is not practical since, particularly for more highly ionized systems, the data may not be available. Our aim in this paper is to predict transitions to within a fraction of a per cent. This, of course, is more easily achieved when the transition energy is large than when it is small. Table 4 compares the computed spectrum with observation for O V, where both correlation and relativistic effects are important. The difference in the excitation energies (theoryobserved) appears to be largest for the 2p 2 configuration, possibly because of the neglect of core correlation. In all other cases, the difference is a few 100 cm −1 . The splitting is reported too. It is defined here to be the energy with respect to the lowest level of the multiplet so that this value for the highest level gives the spread of the multiplet. The latter is a useful measure of the adequacy of the BP approximation, as will be described in the next section. All the theoretical energies and splittings were computed from variational total energies with somewhat more precision than displayed in this table.
As an example of some of the data available at the internet site, table 5 shows a portion of the E1 line list and associated data. Omitted are some of the intercombination lines with small transition rates. This is fully ab initio data. The errors (in %) for all the excitation energies are reported in table 6. All are well below the 1% level. This, however, does not guarantee a similar accuracy for all transition energies. In table 7 are reported, first the difference in the length and velocity form of the line strength (in % with respect to the average (S l + S v )/2) of the LS calculation and then the error (in %) in the transition energy from the BP calculation. 
Recommended values and estimates of accuracy
Theoretical transition rates can be improved by scaling to the observed transition energy. Let t (for transition) be defined as
Then, for allowed transitions, the recommended normalized gf value is gf (norm) = t × gf l (th)
where gf l (th) is the computed length value that correctly includes relativistic effects of lowest order. In this work, the relativistic effects on allowed transitions are not large. If we assume that the error is due primarily to the neglected correlation, then we propose an uncertainty estimate that is based, in part, on the difference in the two forms of the LS line strength. But agreement in length and velocity is a necessary, though not sufficient, condition for accuracy: the transition energy also needs to be correct. Let c be the relative discrepancy in the length and velocity forms of the LS average line strength, and e be the relative error in the LSJ transition energy: namely,
Then we propose an uncertainty estimate of (c + e)gf (norm). In some earlier work [18] on allowed transitions, using non-relativistic line strength but scaling for the transition energy, the formula (1.5c + 0.1e)gf (norm) was proposed. We will evaluate these hypotheses in the next section. For intercombination lines, where gf values are extremely small, transition rates are usually reported rather than oscillator strengths. These depend on the mixing of terms, which, Table 7 . Accuracy indicators for allowed transitions. The first line shows the differences between S v and S l (in %) and the second line the differences (in %) between computed BP transition energies and transition energies from NIST data (average for each term). in turn, depend on the separation of these terms. As first shown by Fleming et al [19] , by using the observed term energy separation, the theoretical transition rates can be improved. Usually, only one term is an important player. For example, in the 2s 2 1 S 0 -2snp 3 P o 1 transitions, the important mixing is between the terms of 2snp and, to first order, the mixing is proportional to the square of the inverse of the term separation. Let s (for separation) be defined as
Z
then a normalized transition rate is
The uncertainty is now based on two factors, the uncertainty in the line strength of the primary 'allowed' transition and the uncertainty in the relativistic (BP) mixing of terms. It was further suggested by Fleming et al [19] and Hibbert [20] that the latter was related to the spread in the fine-structure. Let r (for relativistic) be defined as
Then a 'fine-tuned' value is
When core correlation is omitted, as in this paper for all but Be I, it has been shown [7] that A(fine) is in good agreement with experiment and is our recommended value. For converged results, we propose the uncertainty in A, say A, as
This scheme is similar to the one recommended by Brage et al [21] for the estimation of errors in Be-like intercombination lines where, in effect, the error in the transition energy, e, was ignored.
For the forbidden transitions, Fleming et al [22] propose a similar scheme. To obtain recommended values, we first scale to the observed transition energy. In general, transition rates scale as
where λ = 1 for E1 and M1 transitions and λ = 2 for E2 and M2 transitions. Then, if the transition depends on mixing, similar factors need to be considered as in the case of intercombination lines. In the present case, such mixing is negligible and the only adjustments are scaling to the observed transition energy. In the next section we apply some of these ideas when comparing present work with other theories, experiment, or semi-empirical experimental predictions obtained from smoothing of experimental data.
Comparison with previous results, experiment, and semi-empirical evaluations
Some of the transitions included in this work have been benchmark calculations for the MCHF + BP method. In all of these, core correlation was included and present results will not be quite as accurate. Many comparisons can be found in earlier publications without particular concern about relativistic effects. A method much like MCHF + BP that also diagonalizes a BP Hamiltonian is CIV3 [19, 20] except that orbitals are analytic and are optimized in a carefully selected manner as determined by the problem. When relativistic effects are expected to be small, non-relativistic MCHF calculations, denoted MCHF(nr), may be used for the line strength along with observed transition energies in the oscillator strength calculation [18] . For Be, full core plus correlation (FCPC) results are similar in that relativistic effects are not included in the calculation of the line strength [28] . Fully relativistic methods include the MCDF method and relativistic many-body perturbation (RMBPT) methods that also include the Breit correction. Although the Breit correction in MCDF calculations based on the DiracCoulomb Hamiltonian is not as important in allowed transitions, they are extremely important in intercombination lines [23] . In [30] used fewer experimental values than those reported in [25] which included some higher Z values. The newly reported gf values for Be I and B II [24] are significantly larger than the ones used by Reistad and Martinson [30] and would change their smoothed values a lot. Possibly with this new data, their error bars could be reduced. It should be mentioned that the validity of the smoothing procedure was already been raised by Fleming et al [32] . Also included in the table are semi-empirical (SE) values that analyse the allowed and intercombination transitions simultaneously, deriving a mixing angle for singlet-triplet mixing. This theory has been applied to both allowed transitions. Relativistic effects play a minor role in the allowed transitions and so semi-empirical values for the former transition are generally close to the iso-electronically smoothed experimental values. For the 2s 2 1 S 0 -2s3p 1 P o 1 transitions, the line strength is considerably smaller and the singlet-triplet mixing less readily determined since, in fact, in B II the two states are almost degenerate, with 3 P o slightly lower, and thereafter the 1 P o being the lower state. Thus a smooth mixing angle is not likely to be valid. Since 2s3p is an excited configuration, branching ratios are needed before transition rates can be extracted from measured lifetimes. All these difficulties are reflected in the much larger differences between the SE and present work values for the latter transition.
Experimental data for 2s 2 1 S 0 -2s2p 1 P o 1 is available for all these spectra except F VI. Here we report the NIST tabulations for the oscillator strengths which references indicate were obtained from theory dating back to 1964 and was given an accuracy rating of 'E' for uncertainties larger than 50%. For 2s 2 1 S 0 -2s3p 1 P o 1 far more experimental oscillator strengths are missing. However, since it is important to be able to compare with the experimental transition energy as tabulated by NIST, we also include the NIST gf values along with accuracy classifications.
Not unexpectedly, this paper agrees best with other theories, especially when theories are normalized to the observed transition energy, a scaling often omitted by theorists. It is interesting to note the uncertainty estimates which in this case are based entirely on the discrepancy in length and velocity forms of the LS line strength and the error in the transition energy. For the 2s 2 1 S 0 -2s2p 1 P o 1 transitions the uncertainty estimates appear reasonable. In fact, the normalized values are in near-perfect agreement to four significant digits with all normalized MCDF values [6, 23, 25] which is remarkable. The good agreement with the MCHF(nr) results of Jönsson et al [18] is an indication that relativistic effects on the line strength in the length form are not large. It is noted that the uncertainty estimates of their results and present work are similar. On the other hand, the errors in their energies are much larger but the formula used for determining uncertainties included only 10% of the error in the energy, whereas in this paper we have included 100% of this error in computing uncertainties. At the same time, the two results are within their uncertainties. Not included are the Safronova et al [39] RMBPT results which use only a first-order theory for obtaining coupling coefficients. For Mg IX, which could be expected to be the most accurate in our range of Z, their quoted A-rate would convert to a gf -value of 0.292, quite a bit smaller than the experimental and theoretical values included in table 8.
Although comparison with other theories like MCDF for 2s 2 1 S 0 -2s2p 1 P o 1 suggests that maybe the formula for uncertainties produces uncertainties that are too large, they seem unreasonably small for 2s 2 
The present values have not included core correlation effects, effects included in the earlier MCHF study, where systematic effects and extrapolation were included in deriving the uncertainty estimates. The RMBPT results of Safronova et al [38] , were expected to be in error by several per cent in this energy range, improving as Z increases. Although matrix elements were computed to second order, the coupling coefficients (in jj ) were computed only to first order. This is not expected to introduce large errors for the allowed transition, but they are large enough that no clear decision can be made with regard to the accuracy of our uncertainty estimates.
In tuned using observed data. For a core-valence calculation, both the fine-structure splitting and the A-rate are too large and fine-tuning tends to improve the final transition rate [7] . However, in B II, the observed fine-structure splitting has a rather large uncertainty and accurate studies which also include correlation in the core suggest a value of 22.19 [7] or 22.2 [44] cm −1 . In this case, our reported fine-tuned A-rate used the former theoretical splitting which yields a somewhat larger uncertainty.
For the 2s 2 1 S 0 -2s2p 3 P o 1 transitions, the present work is in reasonable agreement with the semi-empirical model which should apply reasonably well. Like the present calculations, the MCDF values [25] for Z 7 did not include core correlation yet are consistently somewhat smaller and outside our uncertainty limits. The latter appear reasonable in that there is overlap with somewhat more accurate results that include core correlation and also report uncertainties [21] . For the 2s 2 1 S 0 -2s3p 3 P o 1 transition less data are available for comparision, but for all but B II there is good agreement with the SE transition rates, given the difficulty of the SE analysis for the decay from this excited state. Not included in this table are the recently published results of Safronova et al [38] . For the intercombination line, the coupling coefficients introduce extensive cancellation into the calculation and first-order coefficients are not sufficient for reliable data in this range of Z.
Finally, in table 10 we compare some of our transition energy adjusted data for forbidden transitions (first line of data) with those of Fleming et al [22, 31] based on a similar BP theory but including some core correlation (second line) and MCDF values [25, 45] (all other lines) where the former reference is to a core-valence calculation, whereas the latter also includes correlation with the core, but orbitals were constrained to be the same for both the initial and final state. Thus the values reported come from a variety of theories with different approximations. The BP with core correlation might be expected to be the most accurate, particularly at low Z, but the orbital set for [22] was an n = 5 + 6p orbital set for core-valence correlation, a basis not particularly well suited for representing correlation in 1s 2 . The MCHF results of [31] include core correlation from the start and then proceed to an n = 8 orbital set optimizing on the primary 3 P o term and determining an extra layer for the secondary 1 P o a Fine-tuned using an accurate theoretical value of the term splitting [7] . b Scaled to observed transition energy. term. These results, reported only for N IV, are expected to be the most accurate. For Z = 7, all the present transition rates agree to about 1% with these values. In B II, the present values for M1 and E2 transitions are 10-15% larger than the BP values of [22] , but for higher Z agreement improves somewhat for M1 and E2 transitions. For the M2 transition, it was found that for the present core-valence model, the choice of 1s affected the rate more than in any other transition. The results reported here are based on separate calculations for 2s 2 1 S 0 where the 1s orbital was taken from simultaneous optimization of 2s2p 1,3 P o . A separate MCDF calculation was performed for the M2 transition in B II also including core correlation, normalized to the observed transition energy, which differs from the present work by 1%. Generally, all theories are in good agreement but the excellent agreement with the MCDF results based on independent optimization of the initial and final state [25] is reassuring: differences are at the 1% level.
Conclusions
In this paper we present an analysis of the transition data obtained for all transitions between levels of the Be-like energy spectrum where the most highly excited state is 2s3d 1 D 2 , for 4 Z 12. A simultaneous optimization scheme was used in the production of this data so that BP interactions could determine mixing of terms, removing some of the arbitrary decisions in other schemes such as the (n, n + 1) scheme where primary and secondary terms need to be designated: the choice is not obvious. In this work, it was assumed that the choice of 1s would not be critical, that a 1s obtained from an n = 3 valence correlation calculation for simultaneous optimization would provide the needed accuracy. Most transitions were not sensitive (at the 0.5% level) to this choice except for the M2 transition 2s 2 1 S 0 -2s2p 3 P o 2 . In retrospect, when the mixing from a different configuration is small, it would be more appropriate to determine the 1s from the state for which a basis is being determined as was done in the present work only for the ground state.
The present calculations did not include correlation in the core, except for Be I where there is less mixing of terms because of the much smaller relativistic effects. When a similar scheme is applied to the other first-row sequences, inclusion of core correlation will not be possible because of the larger size of the expansions that will be generated. Since the Be-like sequence has been studied so extensively, the present core-valence model could be validated as has been done here. An attempt has been made to find accuracy measures for transition energy adjusted data. Although length and velocity forms of the LS line strength can be expected to be critical factors, particularly when the transition energy has an error less than 1%, the errors in the adjusted oscillator strengths (or transition rates) may well be larger than the length and velocity discrepancy might indicate. For this reason, the error in the BP transition energy was also suggested as a factor. More accurate estimates require an analysis of trends (length and velocity may both be decreasing, for example) as well as other factors that depend on the computational model as was done for 2s 2 1 S 0 -2s3p 1 P o 1 [35] , for example. The procedures described here lend themselves to the production of large amounts of data by fairly automatic schemes. The large BP calculations were performed on the T3E at the National Energy Research Scientific Computing Center (NERSC) using an MPI version of the code and employing 32 processors for large cases.
